■ INTRODUCTION
Use of hydrogen as an energy carrier offers a potential carbonfree alternative to fossil fuels. 1 Estimates suggest a hydrogenbased economy would require as much as 150 million tons of H 2 annually, 2 fueling the need for efficient electrolytic and/or photochemical catalysts. 3 Development of heterogeneous and homogeneous catalysts for the hydrogen evolution reaction (HER), 2H + + 2e − → H 2 , and the hydrogen oxidation reaction (HOR), its reverse, has received significant attention. 4−15 The ideal catalyst is Pt; however, its application in large-scale hydrogen production is limited by the its cost and scarcity. 16 This has prompted the development of new earth-abundant electrocatalysts, including transition-metal phosphides, 17, 18 selenides, 19 and sulfides. Molybdenum sulfides have shown great promise as an economical alternative to Pt. 20−22 The high activity of MoS 2 arises in large part from the location and number of cis-sulfur edge sites. 22 Recently, we reported the homogeneous electrocatalytic HER/HOR activity of ReL 3 (L = diphenylphosphinobenzenethiolate). 6 The ReL 3 complex contains three thiolate donors with cis-thiolates similar to the S edges of MoS 2 . The HER mechanism of ReL 3 is proposed to follow a unique ligandcentered mechanism that avoids metal hydrides. 6 This reactivity deviates from most homogeneous systems which operate via crucial metal-hydride intermediates, with several displaying low overpotentials, high turnover frequencies, and faradaic efficiencies >90%. 5, 11 The ReL 3 system is one of only a few examples of ligand-centered HER/HOR reactions reported to date 6,23−27 as well as one of the only ligand-centered homogeneous systems employing a cis-sulfur active site, affording a unique opportunity to correlate ligand-centered homogeneous catalytic and mechanistic studies with heterogeneous studies.
The current study involves fabrication of surface modified electrodes through simple physisorption, which avoids modification of the molecular ReL 3 catalyst while retaining solution HER activity of ReL 3 . This approach has previously been employed for other HER catalysts. 28 2 ] modified electrodes, which display high catalytic activity for both HER and HOR in acetonitrile. 28 Pantani and co-workers observed HER activity with Co-(dmgBF 2 ) 2 (CH 3 CN) 2 )/carbon black (CB)/Nafion coated glassy carbon (GC) electrodes, 29 while Peters and co-workers modified GC electrodes with cobaloximes as HER catalysts with low overpotentials in aqueous solutions (pH < 4.5). 29, 30 Other electrode surfaces modified with cobalt porphyrin, 34 metal-phthalocyanine, 35−38 and an organometallic Rh complex incorporated in a Nafion film 39 have also been reported as HER electrocatalysts but at higher overpotentials.
To this end, we translated the homogeneous HER activity of ReL3 in nonaqueous solution to a series of four modified GC electrodes (Scheme 1) for heterogeneous application in an acidic aqueous environment along with density functional theory (DFT) computations which confirm the ligand-centered HER mechanism. Additionally, we followed a recent protocol by Jaramillo and co-workers for benchmarking the efficiency and long-term stability of HER electrocatalysts. 23 
■ EXPERIMENTAL SECTION
Materials and Reagents. Chemicals and reagents were purchased from commercial sources and used without further purification unless otherwise noted. Carbon black was purchased from Columbian Chemicals Company (Marietta, GA). All solvents were purified using an MBraun solvent purification system prior to use. The catalyst ReL 3 40 6 ] was carefully deposited on top of the CB layer by drop-casting of DCM solutions as noted above. After evaporation of the solvent, a 5.0 μL portion of a 5.0% w/ w Nafion solution was added via micropipette. The electrode was dried under an infrared heating lamp. Electrodes were stored in air prior to use.
Physical Methods. Voltammetry and coulometry measurements were performed using a Gamry Interface 1000 potentiostat with a three-electrode cell employing a [ReL 3 ] n+ (n = 0 or 1) modified GC electrode as the working electrode, a platinum wire as the counter electrode, and Ag/AgCl saturated in 3.5 M KCl as the reference electrode. For all of the measurements, the sample was purged for 15 min with N 2 and then kept under an N 2 atmosphere. Polarization curves and electrochemical impedance spectra (EIS) were collected on a CHI 660 electrochemical workstation. All reported potentials are scaled versus the reversible hydrogen electrode (RHE) according to eq 1 using a value of +0.205 V for E°A g/AgCl .
Scanning electron microscopy (SEM) images were obtained using a LEO 1550 field emission SEM. Transmission electron microscopy (TEM) images were generated using a FEI Tecnai F20 electron microscope operating at 200 kV. UV−vis absorbance spectra were recorded on a UV-3600 Shimadzu UV−vis−near infrared (NIR) spectrophotometer. A Gow-Mac series 400 GC-TCD with a molecular sieve column was used to identify the hydrogen gas that was generated after electrolysis. The column was heated to 130°C under N 2 gas flow, and 250 μL samples were drawn from the headspace of the electrolysis cell and then injected into the column using a gastight syringe.
Electrocatalytic HER Measurements. Cyclic voltammetric (CV) measurements were carried out at room temperature in 0.5 M H 2 SO 4 at a scan rate of 200 mV/s. Current densities were normalized based on the surface area (0.071 cm 2 ) of the GC electrode. Polarization data were collected under the same conditions but at a scan rate of 20 mV/ s. Initial evaluation of electrode stability was conducted by continuous scanning over 500 CV cycles. Extended stability was assessed by recording the required overpotential to maintain a current density of 10 mA/cm 2 over a 24 h period. To determine Faradaic efficiency, the reaction was conducted in a H cell that separated the anode and cathode. The volume of H 2 gas collected above the cathode was quantified and compared to the measured charge.
Electrochemical Impedance Spectroscopy Methods. EIS was measured over a frequency range from 10 −2 to 10 5 Hz under an amplitude of 10 mV. Nyquist curves were recorded for the HER processes. The experimental complex-plane plots for GC-[ReL 3 ] n+ (n = 0 or 1) and GC-CB-[ReL 3 ] n+ (n = 0 or 1) were recorded at an applied overpotential of 1.3 V (see Supporting Information). Data were fit to a model ( Figure 1 ) with a resistor (R s ) in series with a module comprised of a second resistor (R ct ) in parallel with a constant phase element (CPE), where R s represent the contact resistance between electrolyte and electrode surface, R ct represents the charge transfer resistance within the catalyst film, and CPE is a constant phase element 42 representing the capacitive behavior of the electrodes. Computational Methods. All reported calculations were performed in the gas phase using DFT employing the M06 exchange correlation functional 43 and the LANL2DZ basis set for all atoms, as implemented in the Gaussian09 suite of programs. 44 Initially, the restricted formalism using an RHF wave function was invoked, and subsequently unrestricted calculations based on a UHF-type wave function were carried out for complexes with even electron counts. Furthermore, the B3LYP functional was used to obtain broken symmetry solutions. 45−49 Frequency calculations were performed for all optimized stationary points to ensure they were true minima. Transition states (TS) were determined using the Berny algorithm with GEDIIS and verified by intrinsic reaction coordinate (IRC) calculations with forward and reverse step sizes of 40. TS structures were constructed manually based on their optimized reactants and products under tight constraints with no symmetry imposed. Chemcraft software was used for graphics visualization. + is that the former has a charge neutral catalyst film, while the latter has an ionic catalyst film. Diffuse reflectance spectra confirm the presence of ReL 3 (544 nm) and [ReL 3 ] + (580 nm) on the surface of GC-ReL 3 and GC-[ReL 3 ] + , respectively.
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Multilayer modified electrodes GC-CB-ReL 3 and GC-CB-
+ were prepared to enhance conductivity and promote substrate binding. These electrodes consist of a GC surface with an initial CB layer, followed by a catalyst film of ReL 3 or [ReL 3 ][PF 6 ] and topped with a layer of Nafion. The CB, added to improve conductivity between the GC surface and the catalyst, 52 was drop-cast as a DMF slurry followed by drying upon an infrared heat lamp. After incorporation of the catalyst film, addition of the ionic polymer Nafion to promote film stability and proton binding was done by drop-casting an aqueous Nafion solution with further drying under the heat lamp.
Electrocatalytic HER. As previously reported, ReL 3 is an effective homogeneous HER electrocatalyst in dichloromethane solution with a maximum turnover frequency of 32 ± 3 s + , which is 0.290 V lower than cobaloxime modified GC electrodes. 30 As detailed below, the overpotential of ReL 3 modified electrodes correlates with film morphology and resistance.
To evaluate the Faradaic efficiency, controlled potential coulometry at −1.48 V versus RHE was applied for a fixed time. Electrolysis was performed in a two-compartment cell with the evolved H 2 collected in the headspace above the cathode. To calculate the Faradaic efficiency, the molar quantity of H 2 as determined from the volume of the collected gas and compared to the quantity of charge passed. + , the increase in overpotential is slightly less, 430 mV, over the first 2 h with a good stability for the remainder of the experiment (see Supporting Information). The initial increase in overpotential can be attributed to a decrease in the number of active sites on the surface (see Figure S4) , which would increase the potential required to maintain the same current density. For both GC- + film (Figure 3d ) finds larger dendritic shaped nanoparticles aligned in two dimensions.
The differences in film morphology correlate with the optimal catalyst loading. For GC-ReL 3 , catalytic current steadily increases upon addition of catalyst up to 60 nmol as the porous structure of small nanoplates provides a pathway for substrate/ electrolyte transfer deeper into the film. In contrast, the uniform dendritic film of GC-[ReL 3 ] + displays optimal HER activity at lower loading (10 nmol). Decreased activity at higher loading suggests an increased charge transfer resistance through thicker layers as confirmed by electron impedance spectroscopy ( Table 2 ). For GC-ReL 3 and GC-ReL 3 + , SEM images (Supporting Information) collected after H 2 evolution reveal film degradation.
Impedance Studies. Electrochemical impedance spectroscopy confirms a correlation between film resistance and HER overpotential. Data were collected over a frequency range of 10 −2 to 10 5 Hz at an applied overpotential of 1.3 V. Nyquist plots of the EIS data (see Supporting Information) were simulated using the model in Figure 1 . Simulation parameters are provided in Table 2 . The similarity among the responses of all fabricated GC electrodes suggests a similar mechanism for hydrogen evolution, and the lack of Warburg impedance indicates that mass transport is rapid enough so that the reaction is kinetically controlled. 20 The R ct term, which represents charge transfer resistance within the catalyst film, has the largest impact on overpotential ( + consistent with slower electron transfer through the thicker film. The charge neutral catalyst film of GC-ReL 3 displays the largest R ct of 0.72 MΩ under optimal loading conditions and also requires the largest overpotential.
Evaluation of Active Species. To investigate the identity of the active species on the electrode surface, a series of UV− visible studies was performed. First, to verify the presence of intact complex on the electrode surface, diffuse reflectance measurements of catalysts deposited on optically transparent indium tin oxide (ITO) electrodes were collected after initial n+ species but cannot exclude the possibility that activity could also result from an unobserved degradation product.
Tafel Slope Analysis. The Tafel plot for an HER displays the relationship between the applied overpotential and catalytic current density. The slope of the Tafel plot is dependent on the rate limiting step, and its value is commonly used to evaluate the mechanism of HER on metal surfaces under acidic conditions. The two dominant mechanisms for HER on metal surfaces are Volmer−Heyrovsky (eqs 2 and 3) and Volmer−Tafel (eqs 2 and 4). Both mechanisms begin with a Volmer step, which is a discharge reaction that combines H + and an electron to yield a metal hydride (cat-H). In the Volmer−Heyrovsky mechanism, the second step is a Heyrovsky "ion + atom" reaction that releases H 2 following the addition of a second proton and electron to cat-H. Alternately, in a Volmer−Tafel mechanism, the second step is a Tafel combination reaction with H 2 release upon combination of two equivalents of cat-H. If the Volmer step is rate limiting, the theoretical Tafel slope is 116 mV/ decade regardless of the identity of the subsequent step. However, if the Volmer step is fast, the Tafel slope is dependent on the second step. For a Volmer−Heyrovsky mechanism with a slow Heyrovsky step, a Tafel slope of 38 mV/decade is predicted, whereas a slope of 29 mV/decade is expected for a Volmer−Tafel mechanism with a slow Tafel step. Ideal Tafel slopes serve as benchmarks to assign the rate limiting HER step on metal surfaces, although actual values may deviate. 20, 53, 54 Although Tafel slope interpretations were developed for HER at metal surfaces, they have been applied to evaluate the mechanism of other heterogeneous catalysts such as molybdenum sulfides 20, 21 that are deposited on electrode surfaces. Tafel analyses of the HER polarization curves of the [ReL 3 ] n+ modified electrodes ( Figure 5 ) reveal slopes from 139 to 193 mV/decade ( Table 1 ). The slopes did not significantly change for data collected using a rotating disk electrode at variable rotation speeds (see Supporting Information). The slopes are considerably greater than the 31 mV/decade observed for Pt but consistent with the proposed HER mechanism for ReL 3 complexes in homogeneous solution (Scheme 2). The proposed homogeneous HER mechanism for ReL 3 (Scheme 2) correlates with the proposed heterogeneous HER mechanism of the ReL 3 modified electrodes (Scheme 3). The "like" term signifies that the steps on the modified surface resemble those on traditional heterogeneous metal surfaces with the notable exception that all bond-making and bondbreaking occurs at the sulfur ligands of a single metal site. That is, immobilization of ReL 3 on GC translates both the HER activity and the HER mechanism from homogeneous to heterogeneous conditions. The large Tafel slopes for the ReL 3 modified electrodes suggest a rate limiting Volmer-like step, which corresponds with initial thiolate protonation and complex reduction. The second step is described as a Heyrovsky-like step, as it involves the reaction of the second proton and electron at the initial active site to yield the formal Re I -dithiol Re(LH) 2 L. This is distinct from a second Volmer step, which would involve proton/electron addition at a second reactive site (see Supporting Information for a detailed description). The final H 2 evolution step involves homolytic S−H bond cleavage of the cis-thiols similar to the coupling of metal hydrides in a Tafel step. The similarity of the homogeneous and heterogeneous mechanisms derives from the fact ReL 3 serves as the active catalyst under both conditions. For the ReL 3 modified electrodes, the electrode surface provides reducing equivalents without significantly altering ReL 3 reactivity. The proposed mechanisms are supported by density functional theory computations.
DFT Studies. To elucidate the mechanism of hydrogen evolution by discrete ReL 3 active sites, DFT calculations were performed. These gas phase calculations are representative of the single site activity under homogeneous and surface confined conditions. The electronic and geometric properties of all complexes of the proposed mechanism in Scheme 2 were explored along with location of their transition states for H 2 evolution pathways. Complexes with an even number of Intermediates formed upon the addition of one proton were evaluated with protonation at S3, consistent with previous X-ray crystallographic studies. 40 Addition of the second proton was examined for both ligand-based protonation at S2 and metal-based addition as the Re-hydride.
The ground state of the neutral ReL 3 complex is best described as a restricted singlet Re(III) (d 4 , S = 0) center bound to three thiolate ligands ( Figure 6 ). Optimized metal− ligand bond lengths for the singlet ground state are 0.02−0.09 Å longer than experimental values, as typical for DFT calculations, while triplet state deviations from experimental bond lengths were larger. Furthermore, the neutral singlet species (S = 0) was favored over the triplet state (S = 1) by 2.6 kcal/mol. Due to the small difference in energy between the singlet and triplet states, attempts were made to obtain broken symmetry solution for the open-shell singlet. Calculations for the open-shell singlet were performed using the singlet geometry in combination with triplet orbitals as initial guesses. Examination of optimization steps show a decrease in the ⟨S**2⟩ value moving from 2.0152 and collapsing to a final value of 0.00. This result confirms the nature of the ReL 3 complex as a closed-shell restricted singlet.
The initial steps of the catalytic mechanism involve the transfer of one proton and one electron to ReL 3 − shows 6.5 and 6.4% SD on the S2 and S3 donors, respectively, with no significant contribution from S1 (Figure 8 ). This suggests S2 and S3 have a small degree of thiyl character and can be considered "noninnocent", while S1 is best described a thiolate. Protonation of [ReL 3 ] − occurs preferentially at S3, yielding [Re(LH)L 2 ] and resulting in a notable transfer of spin-density from S3 and Re onto S1 and S2. The S1 and S2 donors are now noninnocent with 8.6 and 9.1% SD, respectively, whereas S3 is a thiol (Figure 8 ). The next step of the mechanism is the formation of [Re(LH) 2 L] + upon addition of the second proton. Although this may potentially occur at sulfur, yielding a Re(II)-dithiol or at the metal to give a Re(IV)-hydride, only the former structure could be optimized. Protonation is favored at S2, prompting a shift of SD onto S1, which now accounts for 23.1% of the unpaired SD (Figure 8 ). The electronic structure of [Re(LH) 2 L] + is doublet (S = 1 / 2 ) with a formal Re(II) center coordinated by a noninnocent thiolate (S1) and two thiols (S2 and S3).
Propagation of spin density as a function of protonation may be seen by analyzing the geometric parameters of the doublet intermediates. The Re−S1 bond distance decreases as a function of ligand electron density, further indicating non- + from S = 0 and S = 1 DFT optimizations (B3LYP/LANL2DZ) and the experimental (Exp.) X-ray crystal structure. 6 ΔG indicates relative zero-point free energy (kcal/mol) values of the S = 0 and S = 1 electronic states. + after the second protonation at S2. The Re−S2 bond distance decrease upon protonation at S3 is consistent with an increased SD, which further increases when S2 is protonated. The Re−S3 bond distance shows an increase with each protonation step.
The final step of the HER mechanism is the addition of a second electron to yield the hydrogen evolving complex ReL 3 electrodes by incorporation of CB, but after conditioning for 1.5 h, the improvement in overpotential is diminished. Although the relatively large overpotential of these electrodes limits their practical application, the ligand-centered HER by ReL 3 opens the door to novel scaffolds and strategies for catalytic HER development. Furthermore, these electrodes represent a rare example of a well-characterized homogeneous catalyst translated to a heterogeneous surface by simple physisorption. We propose that these catalysts remain intact on the surface as the active HER species but cannot rule out the presence of an undetected quantity of catalytically active degradation products. The remarkable features of this system include long-term stability without inclusion of covalent linkers to the surface, and the proposed translation of both activity and mechanism across homo-and heterogeneous environments.
The metal−thiolate modified electrodes serve as a proxy for a traditional heterogeneous metal surface. All bond-making and bond-breaking is proposed to occur at the sulfur-ligands with the electrode surface providing reducing equivalents without impacting reactivity. The localization of reactivity on the cissulfur sites is analogous to the proposed sulfur-edge active site of MoS 2 . The strategy of substituting ligand-centered events for reactions on metal surfaces may be also applicable to other molecular catalysts. In this regard, we very recently reported ligand-centered catalytic HER with zinc-and metal-free complexes involving the coupling of N−H bonds. 55 Preparation and evaluation of modified electrodes based on these and related systems is ongoing. 
